The rotational spectrum of protonated carbonyl sulfide, HSCO + , has now been detected in the centimeter-wave band in a molecular beam by Fourier transform microwave spectroscopy. Rotational and centrifugal distortion constants have been determined from transitions in the K a = 0 ladder of the normal isotopic species, and DSCO + and H 34 SCO + . HSCO + is systematically more abundant by a factor of three than HOCS + , the isomer obtained by attaching the H + to the other end of the molecule, which ab initio calculations long predicted to be higher in energy by 4 -5 kcal/ mol. Because HSCO + is comparable in polarity to HOCS + and is apparently more stable and because OCS is widely distributed in astronomical sources, HSCO + is a good candidate for detection with radio telescopes.
Protonated carbonyl sulfide is a molecule of both chemical and astronomical interest. Chemically it is fairly unique because the proton can bind to either of two isovalent atoms at opposite ends of the molecule ͑Fig. 1͒. Chemical intuition suggests that protonation at the oxygen end should be preferred over the sulfur end, owing to the higher electronegativity of oxygen, but theoretical calculations [1] [2] [3] [4] [5] find on the contrary that sulfur is the preferred binding site. Detection of protonated carbonyl sulfide would allow a precise determination of its abundance relative to the parent molecule OCS, 6 which has been observed in many astronomical sources, 7 and thereby better constrain the dissociative electron recombination rates of this ion 8, 9 -and perhaps others as well. The abundance of HOCS + relative to HSCO + may also prove to be a useful diagnostic of the cloud temperature.
Previous spectroscopic data on protonated carbonyl sulfide is limited to HOCS + . The first high-resolution study of this isomer was done in the infrared by Nakanaga and Amano, 10 who produced the ion in an electrical discharge through H 2 and OCS. On the basis of a rotationally resolved band ͑at 3435 cm −1 ͒, near in frequency to that predicted for the O-H stretching vibration, fairly accurate rotational and centrifugal distortion constants for the ground state were obtained. Using these, Ohshima and Endo 11 with a Fourier transform microwave ͑FTM͒ spectrometer detected the lowest three rotational transitions in the K a = 0 ladder of this isomer within 1 MHz of the predicted frequencies. A few years later, the same rotational transitions of HOCS + were detected at higher spectral resolution and better signal to noise using a similar spectrometer by Gottlieb et al. 12 Attempts to detect the sulfur analog, HSCO + , in the infrared have so far failed. In the original work of Nakanaga and Amano, attempts to identify the S-H stretch band in the 2450-2600 cm −1 region were unsuccessful. A subsequent study by Saebø et al. 13 between 2400 and 2500 cm −1 also failed to observe this isomer. 5 implying that detection of HSCO + in the radio band may be possible in the same H 2 / OCS discharge that has already shown to yield rotational lines of HOCS + . Owing to the lack of good theoretical predictions for the rotational spectrum of HSCO + , no searches were apparently undertaken for this isomer in either of the two previous centimeter-wave studies. 11, 12 In contrast, detection of HSCO + in the infrared is expected to be more difficult, owing in part to the weaker intensity of its S-H stretching band relative to that of O-H in HOCS + , which is predicted to be less intense by roughly half an order of magnitude.
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Here we report the laboratory detection of the elusive HSCO + isomer in a supersonic molecular beam under experimental conditions that optimize lines of HOCS + . HSCO + is found to be about three times more abundant than HOCS + . From detection of the lowest three rotational transitions in the K a = 0 ladder, effective rotational and centrifugal distortion constants have been derived. Our identification has been confirmed by detection of rotational lines of DSCO and H 34 SCO + at exactly the frequencies expected from our predicted molecular structure.
The rotational spectrum of HSCO + was detected with the same FTM spectrometer used for the discovery of more than 140 reactive molecules during the past ten years ͑Ref. 14 and references therein͒. Many of these are radicals and carbenes, but positively and negatively charged species have been studied as well. Reactive molecules are created in the throat of a small supersonic nozzle by applying a low-current dc discharge to a short gas pulse created by a fast mechanical valve, the gas in the present work being a mixture of OCS in He ͑2%͒ heavily diluted in a hydrogen buffer.
We first began by optimizing the production of HOCS + . As in our previous work, 12 the strongest lines were observed with OCS diluted in H 2 to ഛ0.1%, and a discharge potential of 1000 V. Other experimental parameters were similar as well: the total flow rate was about 20 cm 3 s −1 at standard temperature and pressure, with a stagnation pressure behind the valve of 2.5 kTorr and a 6 Hz pulse rate of the nozzle. Under these conditions, the 2 0,2 → 1 0,1 line of HOCS + near 22.9 GHz was observed with a signal-to-noise ratio of Ͼ20 in 1 min of integration.
The search for the rotational spectrum of HSCO + was guided by the recent high-level calculation of Wheeler et al. 5 Two sets of predictions were made by scaling either the equilibrium ͑B e ͒ or the vibrationally corrected ͑B 0 ͒ rotational constants of HSCO + by the ratios of the measured rotational constants to those calculated for HOCS + . For transitions in the K a = 0 ladder, the two predictions differ ͓B eff = ͑B + C͒ / 2 = 5626 or 5636 MHz͔ by only 0.2% , which only amounts to a search of about ϳ100 MHz near 22.5 GHz, the predicted frequency of the 2 0,2 → 1 0,1 line. On the basis of our scaled predictions, a frequency search ͑of about ±1%͒ near 22.5 GHz was undertaken, using the discharge conditions and microwave power that optimize HOCS + . As shown in Fig. 2 , only one unidentified line, lying within a few tens of megahertz of the scaled predictions, was found; soon afterwards, two additional lines were detected at higher ͑3 0,3 → 2 0,2 ͒ and at lower frequencies ͑1 0,1 → 0 0,0 ͒.
Searches for the analogous transitions of H 34 SCO + in natural abundance and DSCO + using D 2 instead of H 2 as the expansion gas were subsequently performed. For both isotopic species, theoretical rotational constants calculated at the CCSD͑T͒/cc-pVQZ level of theory 5 were scaled by the ratio of the measured rotational constant ͑B eff ͒ to that calculated for the normal isotopic species ͑see Fig. 1͒ . Such scaling generally predicts the frequencies of isotopic lines to better than 1% of the frequency shift ͑about 500 MHz for both species͒ from lines of the normal species, so a search of only a few megahertz in the vicinity of 22 GHz was required for detection. Table I summarizes the line measurements for HSCO + and its two rare isotopic species. HSCO + , like HOCS + , is a closed-shell, asymmetric top molecule near the prolate limit ͑ = −0.9992͒. The K a = ±1 rotational ladders lie about 13 K above ground, but in our rotationally cold molecular beam ͑T rot ϳ 3 K͒, these are not efficiently populated, and, as a result, the rotational spectrum of HSCO + consists of single series of lines from K a = 0. Transitions in this ladder are well described by a simple polynomial expansion in J͑J +1͒, where only the first two terms ͑B eff and D eff ͒ are needed to reproduce ͑see Table II͒ the observed frequencies. Attempts to detect lines from K a = ±1 ladders of both HSCO + and DSCO + were unsuccessful. The spectroscopic and chemical evidence for the present identification is extremely strong. The rotational constant is within 0.7% of the ab initio value, and to better than 0.2% by scaling the theoretical constants by the ratios of those measured to those calculated for HOCS + . Furthermore, the effective centrifugal distortion constant D eff , which is dominated by contributions from two terms ͑Ref. The absence of lines at subharmonic frequencies indicates that the observed lines are not from a larger or heavier molecule. The observed lines also pass several other tests: they are only found in the presence of an electrical discharge through a gas containing H 2 and OCS, as expected, and the lines of the normal isotopic species disappear when H 2 is replaced by D 2 as the buffer gas, indicating a hydrogen-containing molecule. As with HOCS + , all of the lines assigned to HSCO + or its isotopic species disappear when a permanent magnet is brought near the molecular beam. The cause of this effect is that a static magnetic field produces a Lorentz force on fast-moving charged particles, which in turn increases the collisional cross section and therefore linewidth for light ions such as protonated carbonyl sulfide 12 and the butadiyne anion, C 4 H − . 18 Crucial confirmation of the HSCO + assignment is finally provided by isotopic substitution: lines of the 34 S and deuterium isotopic species were observed within 0.5% of those calculated from the molecular structure. The large increase in the magnitude of D eff upon deuteration ͑Table II͒ is expected; it is a consequence of the greater asymmetry of DSCO + ͑b p = −0.0007͒ compared to that for HSCO + . Detection of strong rotational lines of HSCO + in the same H 2 / OCS discharge where HOCS + has been well characterized resolves the apparent conflict between theory and experiment. The present work also suggests that infrared detection of HSCO + may still be possible because the production of both isomers is optimized under similar discharge conditions and because HSCO + is the more abundant of the two. Although the intensity of the S-H stretch of HSCO + is calculated to be only 1 / 4-1/ 7 that of the O-H stretch of HOCS + , 5,13 because HSCO + is roughly three times more abundant than HOCS + in our molecular beam, its infrared intensity may only be one-half that of HOCS + . The relative abundances of HSCO + and HOCS + approximately correlate with the relative energies predicted ab initio, implying that formation is governed by thermodynamic rather than kinetic factors. If the orientation of OCS was important during proton transfer, formation of HOCS + would be favored over HSCO + because of preferential binding to oxygen, the more electronegative of the two isovalent atoms. There is no evidence, however, that this factor is important in our experiment, presumably because OCS is initially quite warm ͑300 K͒ and therefore rapidly rotating ͑J max =40͒ prior to adiabatic expansion, there is a large amount of energy dissipated by the electrical discharge, and the large number of two-and three-body collisions in the expansion thermalize the resulting products. The relative populations in the lowest few rotational levels of both isomers confirm as much: both are fairly close, implying similar rotational temperatures.
Additional spectroscopic studies at millimeter wavelengths are required to better determine the rotational spectrum and centrifugal distortion of HSCO + . Higher-J transitions in the K a = 0 ladder can be extrapolated with precision from the present data set, so a search of at most 10 MHz will initially be required at 300 GHz. Once found, detection of both a-and b-type transitions at high-J and in high-K a ladders should also be feasible because the K a Ͻ 3 ladders are low in energy compared to the temperature of our dc glow discharge ͑ϳ200 K͒ and because the dipole moments along the a-and b-inertial axes are calculated to be substantial. 5 Protonated species such HCO + and HNN + are readily observed in rich astronomical sources 19, 20 because molecules such as CO and N 2 possess higher proton affinities than H 2 , and proton transfer reactions of the kind H 3 + +X→ XH + +H 2 are barrierless at low temperature, 21 often proceeding at or above the Langevin rate of ͑1-2͒ ϫ 10 −9 cm 3 s −1 ͑Ref. 22͒. These species play a key role in determining the fractional ionization in molecular clouds and are often used to infer the presence of weakly or nonpolar molecules 23 such as CO, CO 2 , and N 2 that are present at higher abundances, but which may be difficult to detect directly. Although the present data on HSCO + are quite limited, it is adequate to undertake searches in rich astronomical sources where OCS has already been found. Such searches are worth undertaking because large sensitive single-dish radiotelescopes such as the NRAO 100 m GBT have recently come online. If both isomers can be detected in space, comparisons of relative column densities may provide insight into the formation mechanism because very low collision energies and temperatures characterize most astronomical sources. If formation of protonated carbonyl sulfide is sensitive to the orientation of OCS with respect to H 3 + , HOCS + may be more abundant that HSCO + in cold clouds, but the relative abundance between the two isomers may differ as the cloud temperature increases. 24 Other protonated molecules similar in structure and composition to HSCO + may be detectable with present techniques. Protonated carbon disulfide HSCS + appears to be a good candidate because CS 2 has a high proton affinity ͑699 kJ/ mol; Ref. 25͒ and the rate coefficient for proton transfer from H 3 + is twice that measured for OCS. 6 In addition, recent theoretical calculations 26 predict that the structure of HSCS + is similar to either isomer of protonated OCS, with a nearly linear heavy atom backbone, in which protonation occurs at either of the two sulfur atoms. HSCS + is also a heavier molecule than HSCO + , and at least six of its rotational transitions in the K a = 0 ladder should be accessible with our spectrometer.
